suggest the involvement of the phytohormone auxin in this process. Here, we characterize a novel member of the PIN family of putative auxin efflux carriers, Arabi-
by a proton motive gradient and mediated by the action transgenic plants ( Figure 1A ; for details see Experimental Procedures). Northern blot analysis using an AtPIN4-of influx and efflux carriers. The direction of auxin flux was proposed to be determined by asymmetric cellular specific probe identified a transcript of ‫2ف‬ kb in roots, seedlings, siliques, stems, leaves, and cotyledons (Figlocalization of the efflux carrier. In search for these carriers, genetic approaches have been used to identify sevure 1C). No AtPIN4-specific signal was observed in seedlings of Atpin4-1, -2, and -3 homozygous mutants, eral auxin transport mutants in Arabidopsis, e.g., aux1 (Bennett et al., 1996) , tir (Ruegger et al., 1997), rcn (Garbsuggesting that these mutants were null ( Figure 1D ). ers et al., 1996) corresponds to a crossreaction with another AtPIN proHere, we describe the molecular analysis of the AtPIN4 tein, since it can be observed also in Atpin4 mutant gene, a novel member of the PIN gene family. We dem-
embryos (data not shown). In situ hybridization with an onstrate that AtPIN4 is expressed below the AtPIN1
AtPIN4-specific antisense riboprobe labeled the basal domain in both developing and mature root meristems.
end of the embryo, suggesting that spatial accumulation We provide evidence that AtPIN4, but not AtPIN1, is of AtPIN4 protein was determined by transcriptional essential for the correct establishment of an auxin gradicontrol ( Figure 2F , compare with Figure 2E ). This was ent and is important for pattern formation in the root tip.
confirmed by the expression pattern of a transcriptional Our results suggest a unique role for AtPIN4 in regulating fusion of the AtPIN4 promotor with the GUS reporter both auxin homeostasis and patterning through sinkgene that labeled the basal region corresponding to mediated auxin distribution in root tips. the quiescent center precursors and surrounding cells ( Figure 2G Figure 1B ). AtPIN4 3A-3E). The staining intensity was increased in lateheart and torpedo-stage embryos and the signal rehas a three-domain topology characteristic of PIN proteins. Two N-and C-terminal hydrophobic regions each mained restricted to the basal part, with a maximum of PEH A activity in columella precursor cells (Figures 3D containing 4-6 putative transmembrane segments (amino acid residues 1-179 and 454-616) are linked by a hydroand 3E). In contrast, Atpin4-1 (34 of 52), Atpin4-2 (24 of 50), and Atpin4-3 (68 of 81) mutant embryos showed philic region of 275 amino acids. In contrast to the highly conserved hydrophobic regions, this linker region is less a significantly different PEH A activity pattern ( Figures  3F-3J ). Strong staining was observed in all subepiderconserved ( Figure 1B) .
To investigate the function of the AtPIN4 gene, we mal cells of globular proembryos ( Figure 3F ). At triangular and heart stages, the domain of PEH A activity was isolated three mutant alleles termed Atpin4-1, -2, and -3 and constructed antisense (CaMV35S::asAtPIN4) located mostly in the presumptive vascular tissue and To determine functional requirement of AtPIN4 during embryogenesis, we compared the development of wild- Figure 3E ). Thus, lack of AtPIN4 function raised auxin levels as indicated by increased PEH A reporter activity. type and Atpin4 mutant embryos. No difference was observed prior to the globular stage (n ϭ 91), at which Moreover, the basally localized auxin response maximum of wild-type embryos was shifted apically in Atpin4 stage cell divisions started to deviate from the stereotypic pattern of wild-type in the region of the future root embryos. Together, these changes suggest that AtPIN4 is involved in both regulating auxin levels and proper meristem (Figure 4) . In wild-type, the hypophysis divides (compare Figures 5B and 5D ). The distinct patterns of nously applied IAA to the columella region, and to neutralize it. To confirm our DR5-based observations and to gain Disruption of AtPIN4 Affects DR5-Driven Reporter insights into the dynamics of IAA turnover, a study was Expression and Auxin Levels in Roots performed with mass spectrometry to measure the relaTo determine the physiological consequences of AtPIN4 tive turnover of IAA after its exogenous application (Figdisruption, we examined porting a role of AtPIN4 in auxin efflux. To gain further insight into the changes of cell identities ( Figure 6F ). In addition, the maximum of PEH A staining was shifted to a zone apical to the QC, with elevated in Atpin4 mutant roots, we analyzed expression patterns of cell-type-specific markers. The expression domains levels also in the endodermis ( Figure 6F ). These results 
AtPIN4-Dependent Auxin Gradients are Sink-Driven Localized AtPIN4 Expression Is Required for Graded Auxin Distribution
Our data suggest that a graded distribution of auxin with a maximum basal to the QC of the root correlates with Direct auxin measurements have demonstrated auxin gradients in scots pine (Uggla et al., 1996) . In the Arabicorrect patterning. The extension of this maximum to the root base after loss of AtPIN4, which is polarly localized dopsis root tip, locally elevated auxin levels (auxin maximum) have been inferred for the columella initials and toward the columella, suggest that auxin is supplied by the more basal tissues and transported into the maximum the columella region (Sabatini et al., 1999) . AtPIN4 is expressed in the quiescent center and surrounding cells region in an AtPIN4-dependent fashion. Thus, the auxin maximum in the root is established against the slope of of developing and mature root meristems, and the protein is localized toward this auxin maximum. In Atpin4 the gradient away from the source of auxin production. nous auxin levels DR5::GUS was described by Ulmasov et al. (1997) .
